Hepadnaviral DNA replication begins with the conversion of partially duplex viral DNA [relaxed circular (RC) DNA] into covalently closed circular DNA (cccDNA) in hepatocellular nuclei (Miller & Robinson, 1984 ; Tagawa et al., 1986 ; Tuttleman et al., 1986) . This involves completion of the plusstrand, removal of the polymerase primer from the minussense DNA and of the RNA primer from the plus-sense DNA and ligation of the ends. Greater than full-length transcripts are then synthesized (Summers & Mason, 1982 ; Will et al., 1987) . Minus-strand DNA is reverse transcribed following translocation of a short primer attached to the polymerase from a sequence near the 5h end of the transcript to a copy near the 3h end of the transcript (Rieger & Nassal, 1996 ; Wang & Seeger, 1993) . Plus-strand synthesis is initiated from an oligoribonucleotide primer, which is translocated from a direct repeat, DR1, at the 3h end of the minus-strand DNA to DR2 near the 5h end of the minus-strand DNA (Lien et al., 1986 ; Seeger et al., 1986) . Plus-strand synthesis continues after the extending strand reaches the 5h end of the minus-strand Author for correspondence : Tim Harrison.
Fax j44 171 830 2425. e-mail tjh!rfhsm.ac.uk template by switching to the terminally redundant sequence at the 3h end of the minus-strand, circularizing the genome. Plusstrand synthesis continues for a variable distance resulting in the production of RC DNA, which may be incorporated into virions or recycled to the nucleus, where it can be converted to cccDNA. The production of hepatitis B virus (HBV)-like particles, along with various replication intermediates and antigens, has been observed following transfection of human hepatoma cell lines with circular HBV DNA or tandem dimers (Acs et al., 1987 ; Chang et al., 1987 ; Sells et al., 1987 Sells et al., , 1988 Sureau et al., 1986 Sureau et al., , 1988 Tsurimoto et al., 1987) .
The effect of mutations preventing the production of one or more of the three forms of hepatitis B surface antigen (HBsAg) on the production of cytoplasmic core particles and secreted virus particles has been described. Bruss & Ganem (1991) found that the small and large hepatitis B surface proteins but not the middle surface protein were required for the production of virus particles. Ueda et al. (1991) , using a different method to detect virions, concluded that all three forms of the HBsAg were required for secretion of virus particles. In this paper, similar constructs are used to show that none of the forms of HBV surface protein affects the production of cccDNA.
The LSH strain of hepatitis B virus (EMBL acc. no. D00220) was originally cloned as two PstI fragments (Vaudin et al., 1988) . A greater than full-length HBV clone was generated from these fragments and is shown in Fig. 1 . In vitro mutagenesis reactions were carried out with the plus-sense oligonucleotides shown in Table 1 and the minus-strands of fragments indicated in the table, generated from M13 clones. The reactions were carried out using a commercial in vitro mutagenesis system (Amersham). The precore oligonucleotide was used in the construction of a clone lacking the precore stop codon present in the LSH strain of HBV. The dXba oligonucleotide was used to remove the first XbaI site in the polymerase gene to facilitate the cloning of modified surface gene fragments. The dS1 oligonucleotide removed the initiation codon for the large surface protein, the dS2 oligonucleotide removed the initiation codon for the middle surface protein, the dS oligonucleotide removed the initiation codon for the small surface protein and the Inst oligonucleotide inserted two stop mutations just downstream of the small surface protein initiation codon. These mutations did not result 0001-4557 # 1997 SGM Fig. 1 . Diagram of the terminally redundant HBV clone. The open reading frames (ORFs) are shown as rectangles ; P, polymerase ORF ; C, core gene ORF ; X, X gene ORF ; preS1, preS2 and S-ORFs encoding amino acids present in the large, large and middle and all three forms of the surface protein, respectively ; pG, initiation site of the pregenomic RNA ; pA, polyadenylation signal for all the transcripts. The restriction enzyme sites shown below the diagram were used during the construction of the clone. dStuI indicates a StuI site destroyed during cloning. The BamHI site is not unique. The restriction enzyme sites shown above the diagram were used to insert fragments altered by mutagenesis. in a change in the amino acid sequence of the polymerase gene. Fragments cut from the M13 replicative form DNA (indicated in Table 1 ) were inserted in the terminally redundant clone shown in Fig. 1 , which was cloned in pUC19. The HBV constructs were subcloned into the expression vector pMEP4 (Invitrogen), and 10 µg was transfected, using the calcium phosphate method (Graham & van der Eb, 1973) , into HepG2 cells grown in 60 mm dishes with DMEM supplemented with 10 % FetalClone II serum (Hyclone Europe). The calcium phosphate precipitate was left on the cells for 15 min at room temperature before adding medium, which was removed after 24 h. The cells were split 1 in 10 after a further 24 h into medium containing hygromycin B (300 U\ml, Calbiochem). The cell lines transfected with clones lacking the precore stop mutation were cloned three times by limiting dilution. One clone with each of the surface antigen mutations plus a wild-type clone that showed evidence of HBV DNA replicative intermediates on Southern blots, were selected for further study. In addition, cell lines transfected with clones carrying the precore stop mutation with or without the double stop mutation in the surface gene were produced. The latter mutants were produced in an attempt to enhance expression levels because it has been reported that expression of the precore region inhibits HBV DNA synthesis (Lamberts et al., 1993) . However, we did not observe any such effect in this system.
The cytoplasmic forms of HBV DNA identified in the cell lines are shown in Fig. 2 (a, b) . Cells were lysed with isotonic lysis buffer (10 m Tris-HCl pH 7n5, 150 mM NaCl, 0n5% NP40, 1n5 mM MgCl # , 0n3 ml for cells from a 25 cm# flask). This was followed by centrifugation for 3 min at 13 000 g to remove intact nuclei. SDS and EDTA were added to the supernatant to bring their concentrations to 0n5 % and 1 mM respectively and digestion with proteinase K (100 µg ml) was carried out at 50 mC for 2 h. An equal volume of phenol extraction buffer (10 mM Tris-HCl pH 7n8, 350 mM NaCl, 7 M urea, 1 % SDS) was added and 3 extractions with phenol-chloroform (0n5i the total aqueous volume) were carried out. The DNA was precipitated with 2n5 vols of ethanol and resuspended in water (50-100 µl for DNA from a 25 cm# flask of cells). One-tenth of the DNA from a 25 cm# flask of cells was used for each lane on a gel for Southern blotting (Southern, 1975) using strand-specific probes generated by the method of Stu$ rzl & Roth (1990) . Bands with the mobility expected for RC DNA are observed in lanes with undigested DNA, which also contain some linear DNA. The lanes with digested DNA show predominantly linear rather than RC DNA. Both these forms of DNA are observed with both probes suggesting that they are double-stranded, as expected. A band detected at about 2n5 kb with both probes in the lanes with ApaI-digested DNA probably represents linear DNA digested with ApaI. The probe specific for minus-strand HBV DNA detects at least two additional bands that represent complete and incomplete single-stranded minus-sense DNA (Fig. 2 b) . Probes from various parts of the HBV genome [the precore and dXba oligonucleotides and the restriction fragment StuI-PstI, position 2396-3063 with the numbering of Vaudin et al. (1988) ] recognized all the bands and hence failed to locate the sequences missing from the shorter minus-strands. In particular, they did not appear to be due to premature termination of minus-strand synthesis or reverse transcription of spliced messages (PCR demonstrated the presence of DNA corresponding to singly spliced RNA). A probe derived from the OxaNI-XbaI fragment (1262-1526) failed to detect the smallest band observed but detected the three largest minusstrand bands. The results of two dimensional nondenaturing\ denaturing agarose gel electrophoresis followed by Southern blotting suggest that the larger of the incomplete minus-strand products is about 1000 bases shorter than the full-length product and that the difference in mobility of the bands is due to size and not conformation (data not shown).
Enrichment of cccDNA was carried out using a method kindly provided by J. Kitson (Glaxo Wellcome). The cells from a 75 cm# flask were resuspended in an SDS-containing lysis buffer (50 mM Tris-HCl pH 8n0, 150 mM NaCl, 10 mM EDTA, 1 % SDS). Chromosomes were precipitated with KCl (2n5 M, 250 µl) followed by centrifugation at 13 000 g for 15 min. Phenol-chloroform extraction was carried out three times at this stage to remove HBV DNA replicative intermediates with covalently attached polymerase. The volume was reduced by extraction with butanol-isopropanol and the DNA precipitated with 2 vols ethanol. The pellet was resuspended in 500 µl TE and left overnight at 4 mC. RNA was removed by digestion for 45 min at 37 mC with RNaseA (40 µ\g ml). Protein was removed by digestion for 1 h at 50 mC with proteinase K (400 µg\ml) in the presence of NaCl (0n1 M) and SDS (0n48 %) followed by three extractions with phenolchloroform. Following reduction of the volume by isopropanol-butanol extraction and ethanol precipitation, the DNA was resuspended in 40 µl of TE. The amount of nicked DNA was further reduced by digestion with Exonuclease III for 4n5 h at 37 mC. The results of analysis of these samples on a Southern blot probed with a full-length HBV fragment labelled by the method of Feinberg and Vogelstein (1982) are shown in Fig. 2 (c) . The band corresponding to the expected size for cccDNA disappeared on digestion with ApaI and a band corresponding to linear HBV DNA appeared, although the latter band would have been at least partly derived from residual RC DNA ; ccc forms of the vector also were identified. These disappeared with the concomitant appearance of the two predicted HBV-containing fragments on digestion with ApaI. Some single-stranded and\or partially degraded RC DNA that was not affected by ApaI digestion was also observed. Insufficient DNA was present in the extract from cells expressing the wild-type construct in this experiment but cccDNA was detected in all the cell lines expressing the mutated constructs. In a second experiment a weak band corresponding to cccDNA was detected in the extract from the cell line expressing the wild-type construct but not the mutated construct with the stop codons that prevented any HBsAg expression. Low levels of HBV cccDNA and a high background obscuring any plasmid DNA prevented a comparison of the ratio of band intensities of HBV to plasmid DNA (which replicates as an episome) between the experiments. The ratio of HBV cccDNA to plasmid DNA in the experiment shown varies between 1n5-and 2n4-fold as assessed by densitometry with different methods of background subtraction. This suggests that the inability of the clones to express the different forms of surface protein did not prevent or enhance the production of cccDNA.
The above results suggest that HBV nucleocapsids are able to transport RC DNA to the nucleus without any association with the surface protein. In the case of duck hepatitis B virus, the larger of the two forms of surface antigen inhibits accumulation of cccDNA (Summers et al., 1991) but no evidence for such inhibition was observed in these studies with HBV. Inhibition of nuclear transport of core protein by large surface proteins has been reported for HBV (Yeh et al., 1994) but this was clearly not sufficient in our system to affect the ratio of HBV cccDNA to that of the transfected plasmid. The levels of HBV cccDNA appear to reflect the copy number of the vector. Selection against high levels of cccDNA expression in the mutants cannot be ruled out. Accumulation would, however, be expected to have occurred in the confluent (21-day-old) cultures used in these experiments. Our results suggest that, at least in our system, any effect of the various forms of the HBV surface protein on accumulation of cccDNA from intracellular sources is negligible.
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